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Assessment of biodiversity in a changing world is a key issue and studies on the processes
and factors influencing its history at relevant time scales are needed. In this study, we
analyzed temporal trends of plant diversity using fossil pollen records from the North
American boreal forest-taiga biome (NABT). We selected 205 pollen records spanning the
last 15,500 years. Diversity was decomposed into α and γ richness, and β diversity, using
Shannon entropy indices. We investigated temporal and spatial patterns of β diversity
by decomposing it into independent turnover (variation in taxonomic composition due to
species replacements) and nestedness (variation due to species loss) components. The
palynological diversity of the NABT biome experienced major rearrangements during the
Lateglacial and early Holocene in response to major climatic shifts. The β nestedness
likely reflected plant immigration processes and generally peaked before the β turnover
value, which mirrors spatial and temporal community sorting related to environmental
conditions and specific habitat constraints. Palynological diversity was generally maximal
during the Lateglacial and the early Holocene and decreased progressively during the
Holocene. These results are discussed according to macro-ecological processes, such as
immigration, disturbances, and environmental fluctuations, with climate most notably as
the main ecological driver at millennial scales.
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INTRODUCTION
The biodiversity of communities is generally studied over limited
temporal and spatial scales (Grime, 1998; Duffy, 2008). Long-
term and global-scale studies should serve as the foundations
for our understanding of ecosystem functioning by allowing the
development of ecological rules that are based on long-term his-
torical investigations (Balvanera et al., 2006; Cardinale et al.,
2006). Paleodiversity investigations at a millennium scale, which
may cover the current interglacial period, i.e., the Holocene,
should inform on macroecological processes that act over periods
longer than what observations andmonitoring are capable of pro-
viding.Widespread fossil records such as pollen could be analyzed
from the perspective of biodiversity assessment (Mitchell, 2010).
Additionally, pollen records are increasingly available in the form
of continental databases containing fossil pollen data at large spa-
tial and temporal scales (Grimm et al., 2007; Fyfe et al., 2009).
However, studies that are dedicated to the reconstruction of past
vegetation diversity based on fossil pollen covering an area greater
than that represented by a single site are rare despite increased
awareness of the benefits of diversity assessment at the global scale
(e.g., Kier et al., 2005).
This paper aims to analyze palynological diversity patterns in
boreal North America using pollen data that has been archived
in the freely available database Neotoma (www.neotomadb.org).
We tested the effect of ecological maturation of forest biomes
on diversity structure facing climate changes. Because the early
Holocene wasmarked bymajor climatic rearrangements, together
with associated increased species immigration, dispersal, and
reorganization processes, we would expect a higher palynologi-
cal diversity at the origin immediately after deglaciation. When
ecosystems become older, biogeochemical cycles tend to be com-
plex and species interactions are more consolidated, thereby
resulting in lower palynological diversity, especially in terms of
turnover.
We selected pollen series from sites covering the present-day
North American boreal and taiga (NABT) biome. Fossil pollen
diversity is analyzed in terms of alpha (α) diversity, spatial, and
temporal beta (β) diversity and, total gamma (γ) diversity. We
used diversity partitioning, which enabled us to calculate inde-
pendent α and β components using Shannon entropy measure-
ments (Jost, 2007). Temporal and spatial β diversity was further
investigated and decomposed into two components: nestedness
and turnover (Baselga, 2010). Nestedness represents non-random
taxa loss, i.e., when within a given region, sites with fewer species
are the subset of more diversified sites. In contrast, the turnover
component implies the replacement of taxa by others as a con-
sequence of spatial or temporal sorting. We present the temporal
patterns of NABT biome diversity over the last 15,500 years and
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discuss their trajectories with respect to the known biogeographic
and climatic history of the continent.
MATERIALS AND METHODS
FOSSIL POLLEN SITES AND CHRONOLOGIES
The pollen sites were selected taking into account their geographic
location within ecoregions of the modern NABT biome, which
is here based upon the definition utilized by the World Wildlife
Fund for North America as geographic subunits for diversity
indices calculation (Olson et al., 2001). The NABT ecoregions
of the WWF represent homogeneous environmental conditions,
species communities, and ecological processes (Olson et al.,
2001). These ecoregions provide a comprehensive geographic
framework for targeting conservation strategies and biodiversity
assessment (Kier et al., 2005). For this analysis, 12 distinct ecore-
gions were selected from the NABT biome (Figure 1, Girardin
et al., 2009). Although NABT ecoregions were delineated using
present-day data (Olson et al., 2001), we have suggested that they
can provide a geographic framework for past palynological diver-
sity, until a framework for long-term ecological conditions, with
a regional coverage, is available.
Fossil pollen series held in the Neotoma database refer to sites
where sediments have been extracted for pollen analyses. These
pollen series were extracted from different sedimentary archives
(peat, mire, lakes) and were subjected to different field or labo-
ratory protocols, which potentially result in methodological bias.
To reduce potential bias, several criteria were used to select the
sites that we used for the palynological diversity reconstructions.
Pollen series presenting only isolated specimens and surface sam-
ples were systematically excluded. Because chronological control
is one of the keystones of paleoecological reconstructions, we
selected only well-dated cores including at least one geochrono-
logical control point (i.e., 14C or 210Pb dating, tephra layer, etc.)
for every 2500 year interval at least; a minimum of five dating
points were required through the Holocene, starting 11,650 cal-
endar years before the present, “present” being AD 1950 by con-
vention (Walker et al., 2009). When chronologies were expressed
in radiocarbon years before present (14C BP), we used a version
of the Intcal04 calibration curve (Reimer et al., 2004), which was
smoothed using a 250-year fast Fourier transform filter, to convert
uncalibrated chronologies to calendar years before present (here-
after, cal BP). This procedure limits deviations from conventional
age-depth modeling methods (Grimm, 2008). We investigated
the pollen series that spanned the last 15,500 years due to the
low number of pollen series showing data before this date. Most
sedimentary series do not entirely recover the last 15,500 years,
but generally start to accumulate pollen and sediments after
deglaciation, which was not synchronous across North America
(Dyke, 2004). Finally, we only analyzed pollen data for terrestrial
vegetation including trees, shrubs, upland herbs, and vascular
cryptogams. For simplification, the term “pollen” is extended
to include spores of vascular cryptogams. The taxonomic res-
olution that was taken into account varied for different taxa;
species level information was used when available. Numerous
pollen taxa were included at the genus or family level, but this
depended on specific determinations. However, taxonomy was
homogeneous among all pollen series. Before calculating diversity
and to ensure equal time resolution between sites, pollen counts
were averaged over 1000-year consecutive time windows that
were centred on millennia, For example, 1000 cal BP represented
FIGURE 1 | Location map of the selected fossil pollen sites (black dots) and the ecoregion units (colored areas) from the boreal forest taiga biome
(adapted from Girardin et al., 2009).
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the time window 500–1500 cal BP (noted as 1 ka afterwards for
simplification).
DIVERSITY PARTITIONING
We partitioned diversity into independent α, β, and γ compo-
nents using the framework proposed by Jost (2007, 2010). We
used the α Shannon entropy index (Hα, Shannon, 1948) and, for
each ecoregion, calculated the averages of the Shannon entropies
per site in each 1 ka (=1000 years) time window. The α Shannon
entropy was converted to its number equivalent (true α diversity:
α) by taking its exponent (α = exp(Hα); Jost, 2007). Shannon
entropy was selected because it was the only measurement that
satisfied Lande’s condition (α ≤ γ; Lande, 1996) when commu-
nity weights are unequal. Hγ was calculated by pooling the Hα
of all sites in each time window and was converted to its number
equivalent by taking the exponent (γ). Within this framework,
diversity indices that are converted to number equivalents must
satisfyWhittaker’s (1972)multiplicative rule, and βwas calculated
such that β = γ/α.
β PARTITIONING
The β diversity index can be decomposed into two different
components: nestedness and turnover (Baselga, 2010). We parti-
tioned β diversity into its nestedness and turnover components by
using the framework proposed by Baselga (2010) and Baselga and
Orme (2012), which includes a transformation of pollen counts to
presence-absence of taxa prior to the calculations. Overall spatial
and temporal β was calculated using the multisite Sørensen dis-
similarity index (βSOR) because of its linear relationship with the
Whittaker’s β index (1972). We calculated the spatial and tempo-
ral turnover without the influence of richness gradients by using
the Simpson dissimilarity index (βSIM). The β nestedness compo-
nent (βNES) was then defined such that: βNES = βSOR − βSIM (for
complete formulation of the dissimilarity measurements refer to
Baselga, 2010). The temporal indices involved a comparison of
sites between adjacent temporal windows; they were denoted as:
βNESt, βSORt, and βSIMt.
SITES BASED RAREFACTION
The diversity index values were dependent upon sampling effort.
Total site numbers within each ecoregion and the number of
available sites in each time window for a given ecoregion were
likely to influence the diversity indices that were obtained through
the species-area relationship effect (Arrhenius, 1921). We used
a Monte-Carlo site-based rarefaction procedure to calculate the
diversity indices for three site-equivalents, i.e., the required min-
imal site numbers for a given ecoregion and time window for
calculation of the indices. This procedure was inspired by Gotelli
and Colwell (2001), and did not use the analytic formulation
of sample-based rarefaction for the sake of simplicity (Chiarucci
et al., 2008).
DIVERSITY TEMPORAL TRAJECTORIES
The NABT biome palynological diversity trajectories were calcu-
lated by averaging transformed ecoregion palynological diversity
indices. Palynological diversity index standardization involved
two steps: (i) rescaling initial index values using a min–max
transformation, and (ii) rescaling the values to Z-scores. Kruskal–
Wallis ANOVA, followed by Least Significant Difference (LSD)
post-hoc comparisons, was used to determine significant differ-
ences among the transformed diversity index values within the
1-ka time windows. The LSD test p-values were corrected for the
false discovery error rate according to Benjamini and Yekutieli’s
(2001) correction. Linear regressions and Spearman rank cor-
relations (rs) were used to highlight the main trends in the
transformed data for the last 15,500 years. All calculations were
done within the Matlab and R programming environments and
relied on the betapart and vegan packages (R Development Core
Team, 2011).
RESULTS
In total, 205 sites were included in the present study. These 205
sedimentary records corresponded to 5732 fossil pollen samples,
with data relating to 4.4million pollen grains that belonged to 642
different pollen taxa (the complete list of publications providing
the source of the original data is included in Table S1).
ECOREGION DIVERSITY HISTORY
Ecoregions with the highest α were the western Great Lakes
forests, and the Eastern boreal-forest transition, New England-
Acadian forests and Central Canadian Shield forests in the east
(Figure 2A). A homogeneous decrease in α during the Holocene
is apparent for the eastern ecoregions, while the α response is
heterogeneous for the western ecoregions, where it was stable,
increasing, or decreasing (Figure 2A). At the ecoregion level, we
observed a slightly increasing pattern of spatial β diversity for
the western ecoregions during the Lateglacial and the first part
of the Holocene (Figure 2B; ca. 15,500–8,000 BP period), and a
relatively stable pattern over the last 15,500 years for the eastern
ecoregions, except for the Eastern Canadian Forests for which a
long-term increase was apparent (Figure 2B). Contrary to spatial
β response, the temporal pattern of the β (βSORt), displayed a gen-
eral decreasing trend over the last 15,500 years. βSORt was maxi-
mal for most ecoregions at the onset of pollen recording when
it happened before ∼8 ka and decreased thereafter (Figure 2C).
Exceptions were the western Great Lakes forests, which dis-
played a stable trend. For a detailed inspection of ecoregion-based
decomposition of the spatial and temporal β (βSOR and βSORt)
into their nestedness (βNES and βNESt) and turnover (βSIM and
βSIMt) components, the reader is referred to Figure S1. The γ
diversity closely related to α, with average and total ecoregion
richness being mathematically related (Figure 2D).
NABT BIOME DIVERSITY PATTERNS
A significant decreasing pattern in α scores was apparent over
the study period (p < 0.001, Figure 3A). Elevated α scores were
recorded at 13 ka, which were significantly higher than those
for subsequent periods (e.g., 7–2 ka period), with the minimum
being recorded at 5 and 2 ka (Figure 3A). The β values were mini-
mal at the beginning of the Holocene (14–13 ka) and increased up
to the 7 ka period. The β values then remained stable to present
day, and although a decrease is observed at 0 ka, this was not sig-
nificant (Figure 3B). NABT biome γ diversity showed the same
pattern as α scores, with minimum scores recorded at 5 ka; the
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FIGURE 2 | Diversity indices averaged for each ecoregion using 1-ka
temporal windows; the site number is indicated in parentheses following
ecoregion name labels. (A) α diversity from Shannon entropy number
equivalent measurement, (B) β diversity, (C) the temporal (βSORt) diversity
based on multisite Sørensen dissimilarity, (D) γ ecoregional total diversity;
vertical bars represent the one standard deviation range for calculated indices.
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FIGURE 3 | Box plots of diversity indices for the North American
boreal forest taiga biome derived from transformed indices. The
indices are: (A) α diversity, (B) β diversity (C) γ diversity, (D) βSOR
spatial diversity, (E) βSIM spatial turnover component, (F) βNES spatial
nestedness component, (G) βSORt temporal diversity, (H) βSIMt temporal
turnover component, (I) βNESt temporal nestedness component. Letters
indicates significant differences between 1-ka time periods at the 5%
confidence level obtained from the Least Significant Difference post-hoc
tests. Linear regressions (black line) and associated Spearman
correlation p-values are also indicated.
post-hoc test failed to find any significant differences among study
periods (Figure 3C).
The decomposition of βSOR into its turnover and nestedness
components (βSIM and βNES, respectively), highlighted two dif-
ferent trajectories (Figure 3D). The turnover component, βSIM,
was relatively stable, with few significant differences between peri-
ods. The only significant difference was recorded between 11 and
3 ka, experiencing a minimum and a maximum in βSIM scores,
respectively, (Figure 3E). The overall pattern during the study
period is not significant (p > 0.05, Figure 3E). In contrast, the
βNES component displayed a significant decreasing pattern over
the study period (p < 0.01, Figure 3F). Minimum scores were
recorded at 3 ka and were significantly different from the higher
scores recorded during the 15–13 ka periods (Figure 3F).
The β temporal trajectories slightly differed from their spa-
tial counterparts (Figures 3G–I). Overall, temporal β diversity
(βSORt) displayed a decreasing trend throughout the period, with
negative scores since 8 ka (Figure 3G). The pattern in the turnover
component, βSIMt, was not significant and few significant dif-
ferences between time periods were recorded. For instance, the
12 ka period displayed significantly higher βSIMt scores compared
to the 10 and 0 ka periods (Figure 3H). Although a significant
decreasing pattern was observed for the temporal nestedness β
component (βNESt), we did not observe any significant differences
between time period scores (Figure 3I).
DISCUSSION
The present reconstruction of palynological diversity for the
North America boreal forest-taiga (NABT) biome demonstrated
the opportunity of using fossil pollen series for plant diver-
sity history assessment related to macroecological processes at
large scales, and not only for processes at local scales, such as
fire (Carcaillet et al., 2010) or land-use (Colombaroli et al.,
2013). Historical macroecological investigations of plant diversity
should provide insights into our knowledge of plant commu-
nity biogeography, the links that relate vegetation to climate, or
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they may provide important data to test ecological theories. We
decomposed palynological diversity into independent α and β
components. We further investigated β diversity by studying its
turnover and nestedness components and their contributions to
the overall β diversity. These assessments were conduct consid-
ering both time (temporal indices) and geographic constraints
(spatial indices).
POLLEN BIAS
We made use of methods that ensured our reconstructions are
in agreement with diversity calculation requirements (Jost, 2007;
Baselga, 2010), but a certain number of assumptions were made
when estimating palynological diversity. Among these, we can
address the following factors: (i) count sizes (Rull, 1987); (ii)
the pollen sum on which the 100%-reference is computed (Birks
and Birks, 1980); (iii) the differential productivity and dispersal
of taxa and spatial representation (Bradshaw and Webb, 1985;
Odgaard, 1999); (iv) the lack of taxonomic precision (Birks and
Line, 1992); or (v) the fact that calculated indices only relate to the
diversity of breeding plants. Consequently, palynological diver-
sity estimates do not precisely represent past floristic richness and
should be supplemented by diversity estimates that have been
obtained from additional proxies such as plant macro-remains.
These aid in deciphering the diversity history of local vegetation
(Blarquez et al., 2013). Differential taxonomic precision between
pollen series that originate from different pollen analysts may
artificially inflate β diversity. However, this bias must be constant
in time and, therefore, cannot explain alone the observed changes.
PALYNOLOGICAL DIVERSITY HISTORY
Between 15 and 8 ka, palynological diversity was highest both in
terms of average local and total regional diversity (α and γ), and
spatial and temporal diversity (βSOR and βSORt). This period cor-
responded to major climatic rearrangements that were occurring
in the NABT biome. At the end of the last glacial period and at the
beginning of the Holocene, the NABT biome experienced climatic
modifications that were related to global changes in atmospheric
circulation patterns, ice-sheet volume collapse (Dyke, 2004) and,
changes in CO2 and modulated by dust concentrations in the
atmosphere that were ultimately controlled by orbital forcing
(Williams et al., 2001). These changes triggered increased species
immigration, dispersal, and reorganization, processes that could
be invoked to explain the higher palynological diversity observed
during that period. This higher diversity at the origin of the
Holocene immediately after deglaciation tended to decrease dur-
ing the Holocene when biogeochemical cycles tended to be more
complex (Wardle et al., 2004) and species interactions more
consolidated (e.g., increased competition). These trends and, in
particular, the decreasing pattern of overall βSORt highlight the
advent of ecological maturation processes since 11 ka in the NABT
biome.
Several strategies have been proposed to measure community
turnover; for instance, Ter Braak (1986) proposed to use the first
axis from detrended canonical correspondence analysis (DCCA)
with the ordination constrained to time as the sole predictor
(Birks, 2007). This method has been applied few times (e.g.,
Feurdean et al., 2012; Colombaroli et al., 2013; Leys et al., 2014).
On the other hand, several studies have used the between-sample
squared chord distance divided by time elapsed between the sam-
ples as a metric to assess temporal changes in pollen assemblages,
in eastern North America (Grimm and Jacobson, 1992; Williams
et al., 2001; Shuman et al., 2005) or Europe (Giesecke et al.,
2011). This dissimilarity measurement is conceptually equiva-
lent to the Sørensen dissimilarity that we used (Grimm and
Jacobson, 1992) and provide very similar results. Interestingly,
our β nestedness reconstructions mirror the reconstructions by
Grimm and Jacobson (1992), Shuman et al. (2005), and Williams
et al. (2001), based on squared chord distance. This seems to indi-
cate that the temporal variability captured by the between-sample
squared chord distance divided by time elapsed between the sam-
ples is primarily influenced by nestedness and does not necessarily
capture the β turnover component. Failing to capture this com-
ponent is particularly worrying since it significantly explains a
greater proportion of overall β diversity compared to β nested-
ness (Figure S2). The nestedness component is related to the
immigration and dispersion of species from richer communities
to newly available habitats (e.g., Dennis et al., 2012). Both βNESt
and βNES showed maximum values around 14–13 ka, confirming
that ecosystems responded without significant lags relative to cli-
matic changes at the end of the last glaciation (Richard, 1980;
Williams et al., 2002; Carcaillet et al., 2012). These responses
were probably due to glacial refugia that were situated near the
ice-sheet limits (Brubaker et al., 2005; Bélanger et al., 2014). In
contrast, turnover peaked later at 12 ka for both βSIMt and βSIM,
indicating that 1000–2000 years were required for communities
to became locally differentiated as a consequence of differential
environmental conditions and specific habitat constraints, e.g.,
the built-up of organo-mineral soil or the chemical weathering
of bedrock. These constraints may have been directly related, not
only to changes in climate but also to ecosystem features such as
soil genesis (Willis et al., 1997; Mourier et al., 2010) or changes
in the disturbance regime. Interestingly, the increase in βSIM at
3–2 ka matched one change in fire regime that was recorded in
the Central Canadian Shield forest toward significant increased
fire sizes (Ali et al., 2012). Although the increase in fire sizes was
ultimately controlled by climate (Flannigan et al., 2009), we have
suspected that βSIM resulted, at least in part, from heterogeneity of
the disturbance regime and type (i.e., mostly fire and insect out-
breaks in the NABT). This scenario is consistent with empirical
evidence demonstrating that increased landscape heterogeneity
resulting from fire is associated with higher species turnover at
the landscape scale (Romme, 1982; Suffling et al., 1988).
Grimm and Jacobson (1992) highlighted a period of pollen
assemblage dissimilarity increase over the last 1000 years. They
assumed that this change was the result of either human pop-
ulation expansion that occurred before European settlement or
Little Ice Age climatic cooling and subsequent warming. Climatic
change and human demography would have had continental-
scale ecosystem impacts in the Americas within the last 500 years
(Power et al., 2013). Although we observed a slight increase in
β nestedness components during the period 0 ka, these changes
were not significant. In contrast, we observed low scores in over-
all β during the last 500 years (0 ka, Figure 3B), which could
indicate that the plant communities tend to be more temporally
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and spatially homogeneous as was also exhibited by the decrease
in βSIMt and βSIM, respectively, a process that was potentially
caused by human activities (introduction of invasive species,
logging, agroforestry, urbanization; McKinney and Lockwood,
1999).
CONCLUSION
NABT biome palynological diversity was likely to be related to
macroecological and climatic processes with a higher diversity
during the early Holocene immediately after deglaciation in rela-
tion to the major climatic rearrangements, species immigrations,
and their dispersal. During this period, the nestedness component
of β increased, likely in response to the immigration of species
from richer communities in the south to newly available habitats
in the NABT. The turnover of β, which culminated later, indicates
that more time was needed to enable those communities to differ-
entiate locally. After this initial period and during the Holocene,
the ecosystems matured, the biogeochemical cycles became more
complex, and the interactions between species weremore strongly
consolidated. These factors contributed to the lower palynolog-
ical diversity observed thereafter. Clark and McLachlan (2003)
used pollens for testing neutral drift theory and found strong evi-
dence of ecosystem stabilization, in contrast to neutral drift that
predicted ecosystem divergence as a function of time (Hubbell,
2001). Questions remain regarding the appropriateness of pollen
for testing ecological theories (Volkov et al., 2004), partly due to
the fact that the relationship between pollen and diversity of plant
communities is not linear and needs to be calibrated. Although
research on pollen has successfully focused on reconstructing
numerous vegetation parameters, past biomes and climate (e.g.,
Prentice et al., 1996), few attempts have been made to study
palynological diversity at large spatial scales or test ecological the-
ories (Clark and McLachlan, 2003; Birks, 2007). We believe that
experimental studies based on simulation (model)-data compar-
isons in this direction will increase our understanding of the
drivers of the vegetation dynamics on relevant time and spa-
tial scales and will provide important data to test ecological
theories.
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